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Abstract
The first eight years of operation of the Cold Neutron Chopper Spectrometer (CNCS) at the
Spallation Neutron Source in Oak Ridge is being reviewed. The instrument has been part of
the facility user program since 2009, and more than 250 individual user experiments have been
performed to date. CNCS is an extremely powerful and versatile instrument and offers leading edge
performance in terms of beam intensity, energy resolution, and flexibility to trade one for another.
Experiments are being routinely performed with the sample at extreme conditions: T . 0.05 K,
p & 2 GPa and B = 8 T can be achieved individually or in combination. In particular, CNCS is
in a position to advance the state of the art with inelastic neutron scattering under pressure, and
some of the recent accomplishments in this area will be presented in more detail.
Note: This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-00OR22725
with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting
the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-
up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow
others to do so, for United States Government purposes. The Department of Energy will provide public
access to these results of federally sponsored research in accordance with the DOE Public Access Plan
(http://energy.gov/downloads/doe-public-access-plan).
1
ar
X
iv
:1
60
9.
00
34
8v
1 
 [p
hy
sic
s.i
ns
-d
et]
  1
 Se
p 2
01
6
I. INTRODUCTION
The Cold Neutron Chopper Spectrometer (CNCS) is one of the direct geometry, inelastic
neutron scattering spectrometers that the Spallation Neutron Source (SNS) in Oak Ridge
operates as part of its facility user program. This instrument has now been operating
for about 8 years. It has seen a number of incremental upgrades during this time, which
have resulted in an overall significant improvement of its performance. In this paper the
most important of these developments are being described, and some of the science is being
reviewed that has been done with the instrument.
CNCS is a general-purpose direct-geometry inelastic time-of-flight (TOF) spectrome-
ter optimized for cold neutrons. [1] It complements the other direct geometry time-of-
flight instruments at the SNS: The wide angular range chopper spectrometer (ARCS),
the fine-resolution Fermi chopper spectrometer (SEQUOIA), and the hybrid spectrometer
(HYSPEC). [2] The general layout of the instrument is shown in Fig. 1. CNCS receives beam
from a cold coupled moderator (liquid H2) with a peak brightness at ∼ 10 meV neutron
energy. [3] Short pulses of a monochromatic neutron beam are directed onto the sample,
and the location (scattering angle) and time-of-flight of the detected neutrons are used to
determine the energy and the momentum exchanged between neutron and sample in the
scattering event. A pair of high speed choppers is used to select the neutron energy Ei via
their relative phase: a Fermi chopper at 6.41 m (distance from the moderator surface) and a
high-speed double-disk (HSDD) chopper at 34.78 m. The energy resolution is mostly deter-
mined by the double disk chopper settings, and can be varied independently of the chosen
value of Ei. Each of the two HSDD chopper disks has three slits with different widths [1],
giving the operator many options to change the burst time by re-phasing to a different slit,
or by changing the chopper speed. Two bandwidth choppers at 7.52 m and at 33.02 m cut
out unwanted neutrons from other frames. The neutron guide is mostly straight, but its
central part is horizontally curved to bring the sample position out of direct line-of-sight
from the source. Thus the guide acts as a filter for high energy (& 100 meV) neutrons which
cannot make the required reflections in the supermirror coating.
Neutron data are recorded in event mode, which is now becoming the standard method
at pulsed spallation neutron sources. For each detected neutron, the time, pulse ID and
pixel ID are stored in a list. The pulse ID refers to the source pulse that generated the
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neutron, and has to be determined carefully when the instrument (like CNCS) does not
always operate in the first frame (which is to say, when not all neutrons have been detected
by the time the next pulse hits). Complementing slow controls data (such as temperatures,
motor positions, chopper phases, etc.) are all stored with time stamps which enables one
to correlate them with counted neutrons during or after acquisition. Taking data in event
mode is a very powerful approach, as it offers a maximum of flexibility to filter and analyze
the data after the acquisition ended. In event mode it is also straightforward to perform
pump-probe and time-resolved experiments. High performance software packages exist to
reduce and scientifically analyze the data. [4–6]
II. MODIFICATIONS SINCE START OF OPERATION
A. Focussing guide end section
A new guide end section has been available since 2014. This device makes use of m = 6
supermirrors, which were not commercially available at the time CNCS was designed and
built. It optionally replaces the previously existing, ∼ 20 cm long last guide section directly
in front of the sample position. Due to their parabolic shape the mirrors focus the beam
at the sample position to a ∼ 20× 15 mm spot (height × width). A high resolution image
of the beam at the sample position, with the new guide section, is shown in Fig. 2. This
is a fairly small beam for this type of instrument, but it corresponds well to the typical
sample dimensions which are . 1 cm for single crystals (see section III below). Compared
to the traditionally used last guide section [1], the corresponding intensity gain for small
crystal samples is about a factor of ∼ 4, which comes mostly at the cost of increased vertical
divergence. Since the vertical direction (in which the Q resolution is broadened) lines up
well with Debye Scherrer cones, the new guide is also very beneficial for powder samples,
even when they are large enough to be not fully illuminated by the beam. This proves to
be a crucial intensity gain, in particular in experiments with small samples which are the
vast majority (see section III below). The new guide end section does impact the horizontal
divergence only marginally, which is set by the m = 2− 3.5 mirrors further upstream in the
guide. The ‘new’ and ‘old’ guide end pieces can be readily exchanged. While the ‘new’ guide
is also most often used for polycrystalline and liquid samples, the ‘old’ guide is preferred in
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experiments that aim to measure excitations in single crystal samples with good Q resolution
in all three spatial directions simultaneously. Such experiments account for ∼ 10 − 20% of
beam time use. Most experiments with crystals, however, focus on the scattering in one
plane, which is arranged to be horizontal in the laboratory frame. In this situation the
vertical Q resolution is of lesser importance and the focusing guide section is thus preferred.
B. Fermi chopper rotor
The original CNCS design placed a high value on achieving very good energy resolution.
This can be seen, for example, in the guide design. The guide narrows down significantly
towards its end, which allows one to achieve very short burst times with the double disk
chopper. As a result, the beam at the sample position is quite narrow, ∼ 15 mm, which
limits the size of single-crystal samples one can measure (crystals are being rotated during
a measurement which implies that they should be fully illuminated by the beam because
an intensity change upon rotation is hard to correct for). Secondly, in order to achieve very
good resolution, the Fermi chopper in the front was originally equipped with a rather tight
slit package.
During the early years of operation it became clear that achieving higher flux on sample –
at the expense of energy resolution – was more important. Therefore, a new Fermi chopper
rotor was designed and installed during a facility shutdown in 2014. Like the original rotor,
it features two slit packages on the same vertical axis of rotation, which can be selected with
a vertical translation of the chopper. The main difference between the old and the new slit
packages is that the new slit packages are coarser than the old ones. As a result, the burst
times of the two high-speed choppers are now better matched, in typical run conditions, to
the respective distances of the choppers to the detector, improving the intensity vs energy
resolution relationship. [7] The intensity gain (for the same resolution) is about ∼ 25% on
average. This gain outweighs the shift in the resolution range (towards coarser resolution)
in which one can operate, because only very few experiments require the best available
resolution. A current measurement of the energy resolution at the elastic line, using a
vanadium reference sample, is shown in Fig. 3.
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C. Dedicated cryostat
CNCS has a dedicated orange helium flow cryostat with a working temperature range
of ∼ 1.8 − 360 K. The diameter of the variable temperature insert (VTI) is 100 mm. For
studies with magnetic samples, the cryostat is often used with a 3He insert that extends the
available temperature range on the lower end to ∼ 0.24 K. The insert routinely holds base
temperature for more than 5 days without a need to recondense. The VTI in the cryostat
features a custom Cd liner that shields scattering directions without detector coverage. This
is an essential feature to reduce background from incoherent backscattering or near Bragg-
edge scattering in the aluminum of the cryostat tail. The Cd shield has a dedicated entry
port for the beam and also a beam stop on the other side (inside the VTI). This implies that
the cryostat can not be rotated on the sample table. Therefore single crystal samples are
usually mounted on a stick that can be rotated inside the cryostat. Since data are recorded
in event mode, this rotation can be continuous while counting scattered neutrons, as opposed
to the more traditional way of recording individual runs sequentially at fixed positions of
the sample rotation axis. Both these modes are operational and in use.
The large diameter of the cryostat’s VTI also enabled the design of a 3-sample changer
stick that is shown in Fig. 4. The purpose of this device is to mount three powder samples
simultaneously and to save time with temperature changes when several samples are being
measured in an experiment. The three samples can be rotated around an off-center vertical
axis while the cryostat is stationary. This motion allows to put one sample in the beam
while the other two are on the side. The triangular piece between the three samples (see
Fig. 4) is made of boron nitride which absorbs neutrons, thus shielding the two unused
samples further from the beam and reducing the potential for secondary scattering. This
device is very popular with users who measure many samples at several temperatures in one
experiment. A future upgrade could add a second stage of three samples below the existing
set of three, such that a total of six samples would be in the cryostat at the same time. One
would likely have to use somewhat shorter powder cans than the current standard design.
A vertical travel of the cryostat of the order of ∼ 5 cm during a measurement is feasible.
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D. Planned future development – polarized beam
A first test experiment with polarized beam has been attempted at CNCS but more
development work is needed before such an option can be offered to the user program. The
setup made use of polarized 3He cells both for polarizing the beam and for analyzing the
polarization of the scattered beam. On the analyzer side, there is virtually no choice because
of the desired large solid angle. The incident beam can also be polarized with a transmission
polarizer based on a supermirror, but this is much harder to do because more modifications
of the existing infrastructure would be necessary.
It has been recognized that an inelastic time-of-flight spectrometer with wide angular cov-
erage in combination with polarized beam would be of great value for studies on quantum
critical phenomena, topological states of matter, quantum magnets, unconventional super-
conductors, and geometrically frustrated magnets. [8] Efforts at the Institut Laue-Langevin
(ILL), [9] the ISIS facility at the STFC Rutherford Appleton Laboratory (United King-
dom), [10] the Japan Proton Accelerator Research Complex (J-PARC) [11] and SNS [12]
are all aimed at increasing the area of solid angle covered by the detector with simultaneous
polarization analysis. With the exception of D7 at the ILL [13] (which has an option to run
with a Fermi chopper) and HYSPEC at SNS [12], inelastic neutron scattering with polarized
beam is currently limited to triple-axis type instruments which cannot cover large areas of
(Q,ω) space in adequate time. The ongoing trend in materials science towards more com-
plexity, however, means that broad surveys in reciprocal space will be increasingly needed
to identify the key dynamical signatures in the scattering. An unambiguous separation of
lattice and spin dynamics will become a key requirement, and ‘xyz’-polarization analysis is
the only available technique known to allow this at all scattering angles simultaneously. [14]
III. SCIENTIFIC USE OF THE INSTRUMENT
Like most neutron sources, SNS runs an international user program and the available
beam time is awarded to proposals after a competitive review process has been held. At
CNCS this competition is particularly strong, and only ∼ 20% of all requests for beam time
can be accommodated. The use of the beam time is driven by community demand. The
vast majority of experiments conducted at CNCS address topics in hard condensed matter,
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such as magnetism, correlated electrons, superconductivity, phonons and heat transport, and
energy materials. Other science areas such as protein and polymer dynamics, glass transition
(boson peak), or the dynamics of atoms and molecules in confined geometry combine for
∼ 15 % of the time used.
Nearly ∼ 75 % of the beam time at CNCS is used to measure collective excitations in
single crystals. Single crystal measurements play to the full strength of the instrument with
its large detector area, accessing all three spatial directions simultaneously, and the ability
to adjust the measurement range and resolution to the need of the particular system studied.
With the focusing guide the Q resolution in the vertical direction is relaxed but still good
enough to measure a dispersion in this direction.
A. Measurements at pressure
Pressure is a relevant thermodynamic variable for many materials. For example, applied
pressure has a profound effect on the critical temperature in many superconductors, [15–17]
and many materials are known to be superconductors only under pressure. [18] This can be
understood considering that the parameters of a material which are mainly important for
its superconducting properties, namely the electronic density of states at the Fermi energy,
the phonon frequency spectrum, and the electron-phonon coupling, all may be sensitively
pressure-dependent. Metal-insulator transitions are another example for a transition of the
electronic state in a material that can be induced by pressure. [19–21]
Neutron scattering under pressure presents challenges, and inelastic scattering in partic-
ular must be considered very difficult. The main reason is that the available sample volume
is inevitably small. Neutron scattering is an intensity limited technique, and while diffrac-
tion can be done with very small samples, [22, 23] the volume limitation has in the past
often pushed the feasibility limit beyond what is possible with inelastic scattering. Another
difficulty lies in the relatively large amount of material that makes up the equipment that ap-
plies pressure, which cannot all be shielded from the beam and causes significant background
scattering. For these reasons, one only finds a limited number of inelastic neutron scattering
studies in the literature, mostly in cases when gas or liquid cells could be used which allow to
apply modest pressure, . 0.5 GPa, to a larger sample volume, and on materials that scatter
well. [24–28] CuBe clamp cells, McWhan cells and sapphire cells have also been occasionally
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used successfully for inelastic scattering. [29–31] Scattering from magnetic systems face the
additional challenge that the sample must be cooled, most often to cryogenic temperatures.
Spin waves in elemental magnets Tb [32] and Fe [33] have been studied at pressure but the
involved temperatures were relatively high, 90 K and 300 K, respectively, whereas in the
pioneering work on single-crystal FeCl2 [34] a base temperature of 4 K was reached. Crystal
field excitations in magnets have also been occasionally studied at high pressure [35–37].
At CNCS, gas pressure cells have been used up to ∼ 0.5 GPa. The cells are made from
Al alloy and can be held in the cryostat at base temperature. The pressure in the gas cell
can be applied in-situ. For example, the research on supercooled confined water performed
recently at CNCS shows what can be achieved with theses cells. The dynamics of deeply
cooled water in a nano-porous silica matrix (MCM-41) was studied in the temperature range
∼ 160 K to ∼ 230 K at pressures up to ∼ 0.5 GPa, using a gas pressure cell. [38, 39] The
results of these experiments were interpreted as to show the existence of two distinct liquid
phases in this range of pressure and temperature, which differ in their densities and local
structures of the water. Particularly it was shown that the behavior of the Boson peak of
the confined water is strongly correlated to the low-density and high-density phases of the
confined water. These studies significantly deepen our understanding of the thermodynamic
behavior of supercooled confined water.
In order to access higher pressure in a volume large enough for inelastic neutron scattering,
modern clamp cells are now available that have been designed with the particular needs of
scattering experiments in mind, in terms of materials choices, the amount of material in
the beam, and the ability to cool the cell to cryogenic temperatures. [40, 41] A clamp
cell currently in use at CNCS, which can reach pressure up to ∼ 2.0 GPa in a volume of
∼ 250 mm3, is shown in the lower part of Fig. 5. A test in a 3He insert has shown that
the thermal contact to the sample (through teflon capsule and pressure medium, fluorinert)
is sufficient to cool the sample down to ∼ 0.3 K. The test was conducted offline with a
calibrated RuO2 sensor in the sample position. The clamp cell has to be warmed and
removed from the cryostat in order to change pressure. The total turnaround time between
base temperature measurements at different pressures is ∼ 6 hours with the cryostat alone
(base 1.8 K) and ∼ 12 hours with the 3He insert (base 0.3 K). The clamp cell is also small
enough to fit the standard size of a dilution insert (diameter 32 mm) that can be placed in
the bore of an 8 T cryomagnet available at SNS. One can thus measure a sample of ∼ 4 mm
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diameter, ∼ 20 mm long, at CNCS at 2 GPa, 8 T and 50 mK simultaneously. While it is
technically possible to conduct such a measurement, a successful experiment under these
conditions has yet to be performed. The pressure cell (walls of steel or hardened alloy)
with fluorinert and teflon capsule, the magnet with its reduced outgoing divergence, and the
dilution insert with another heat shield all add scattering material to the setup and reduce
the signal to background ratio.
Using a clamp cell of this design, the pressure dependent magnetic excitation spectrum
in the S = 1/2 quasi-two-dimensional gapped quantum antiferromagnet (C4H12N2)Cu2Cl6
(PHCC) was studied at CNCS. [42] The single crystal used in the CNCS experiment weighed
150 mg. The pressure cell was mounted inside a helium flow cryostat and data were collected
with incident energy of Ei = 4.2 meV at T = 1.5 K. The full S(Q,ω) map was recorded by
making 180 deg. rotations with 1 deg. step size. At ambient pressure and cryogenic tem-
perature, PHCC does not order magnetically, and the ground state spin singlet is separated
by a gap of ∼ 0.98 meV from an S = 1 triplet. Applying pressure, the gap can be reduced,
and it was shown that at 0.9 GPa and above, the excitations are gapless. This agreed with
the findings of an independent µ+SR experiment which observed a quantum critical point at
p = 0.43 GPa and long-range magnetic order above. Thus it could be shown that the quan-
tum phase transition in PHCC under pressure is driven by the weakening of a single Cu-Cu
superexchange pathway. Besides, at high pressure a sizeable spin wave dispersion along the
interlayer direction was observed implying substantial three-dimensional correlations.
A larger clamp cell, that pushes the achievable pressure to ∼ 3 GPa, was used to inves-
tigate the pressure dependence of fast rotational diffusion of water molecules in the mineral
hemimorphite Zn4Si2O7(OH)2·H2O at cryogenic temperatures. At ambient pressure the
mineral belongs to the orthorhombic space group Imm2. [43] The structure consists of rings
of corner-sharing ZnO4 and SiO4 tetrahedra which make up channels. The water molecule
occupies, on average, a symmetrical position in the channels, resting entirely upon the crys-
tallographic a − c plane. A water molecule forms four (almost planar) hydrogen bonds
with hydroxyl groups in the hemimorphite framework. Application of hydrostatic pressure
above 2.5 GPa causes the mineral to undergo a structural phase transition from Imm2 to
Pnn2. [44] The asymmetric deformation of the channels leads to a shorter H2O-OH contact,
and the planar hydrogen bond network becomes tetrahedrally coordinated. By changing
the local crystal environment, the application of high pressure to hemimorphite is thus ex-
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pected to profoundly alter the diffusive dynamics of confined water molecules. Fig. 6 shows
quasi-elastic neutron scattering (QENS) spectra of hemimorphite under hydrostatic pressure
measured at CNCS at 2 K and 130 K (with an incident neutron energy Ei = 3 meV). At
low temperatures, water dynamics in hemimorphite is undetectable at ambient pressure and
at p = 3 GPa, and the measured S(E) represents the resolution function of the spectrome-
ter. At T = 130 K the spectrum of hemimorphite at ambient pressure shows strong QENS
broadening due to fast rotational diffusion of water, while the data for p = 3 GPa are very
similar to those at 2 K. These measurements demonstrate that water in hemimorphite in
the high pressure phase (being connected to the hemimorphite cage via tetrahedrally co-
ordinated hydrogen bonds) does not show fast rotational diffusion like at ambient pressure
where the water being coordinated via planar hydrogen bonds.
B. User experiments
One of the greatest strengths of CNCS is the ability to measure collective excitations
in crystals, simultaneously, in the energy domain and in all three spatial directions, with
adjustable energy- and Q-resolution. One of the science areas that exploits this ability is
the research on thermoelectric materials. Here, the main question addressed with inelas-
tic neutron scattering is that of the microscopic origin of the unusual strong scattering of
the heat carrying phonons in materials such as PbTe [45, 46], AgSbTe2 [47, 48], SnTe and
SnSe [49, 50]. The dispersion and line widths of the phonons need to be measured accu-
rately, in various directions, and with good Q resolution. It is also essential to complement
the measurements with density functional theory (DFT) calculations in order to achieve a
consistent understanding of the measurements. The experiments found that the origin of
the strong phonon scattering is quite different in these materials. In PbTe a strong an-
harmonic repulsion was observed between the ferroelectric transverse optic phonon and the
longitudinal acoustic modes. This is the signature of an underlying anharmonic interaction
between these phonons. In AgSbTe2 it is an atypical degree of complexity of the crystal
structure at the microscopic level that was identified as the source of an unusual level of
phonon scattering. This material forms nano-sized domains which differ in the near neigh-
bor ordering of some of the ions. The phonons cannot propagate undisturbed through this
structure, which manifests itself in a much broadened phonon line width when compared to
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PbTe for example. SnSe on the other hand is near a lattice instability, leading to strongly
anharmonic interaction potentials between Sn and Se.
Excitations in quantum magnets with low energy scales are another research area in which
CNCS is designed to make contributions. [51–54] For example, geometrically frustrated
magnets [55–57] are often characterized by a macroscopically degenerate ground state, and
for this reason tend to have a high number of fluctuation modes at low energy that may
persist to very low temperature. The good energy resolution provided by cold neutrons is
therefore ideally suited to studying the spin fluctuations in such systems. In multiferroic
materials [58–60] the energy scales are also often low.
A magnetic field is another external parameter with which a spin system may be manipu-
lated. The critical magnetic fields associated with low energy phenomena are also often low
and technically within reach, which is a good match for an instrument like CNCS. Fields
up to 16 T have been reached at CNCS in the past. [61] However, integrating a split pair
magnet into an instrument such as CNCS also does present challenges. Split pair magnets
are the most commonly used design in neutron scattering applications, because the scattered
beam can exit at any angle in the scattering plane. The design requirements of such magnets
imply that the solid angle in which scattered neutrons can be detected must be restricted
to some extent. [62] Modern design solutions allow one to trade off vertical divergence for
scattering angle range and closely match the host instrument geometry, thus minimizing
intensity losses. The 8 T magnet currently in use at the SNS facility allows for an outgoing
divergence of the scattered beam of ±12◦ which is a significant improvement over previous
designs (the scattered beam can be detected in a solid angle of nearly 2 sr). It also avoids
the use of aluminium spacers in the scattered beam. The inner bore has a diameter of
34 mm at the sample location and the beam can be about 30 mm tall at this point. A recent
development that has the potential to extend the accessible field range, when combined with
time-of-flight methods, is that of pulsed magnets. [63]
Both magnetic and structural excitations are of interest in studies of the unconventional
supercondutivity seen in materials with a structural motif of FeAs, FeSe or BiS2 layers. [64–
71] Many of the recently discovered ‘unconventional’ superconductors possess magnetic ions
and long range magnetic order in at least one thermodynamic phase. Superconductivity is
typically induced by doping charge carriers, which at the same time reduces the magnetic
ordering temperature or suppresses the ordering completely. A common feature is the exis-
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tence of a resonant magnetic excitation within the superconducting phase, which is localized
in both energy and wavevector. Such excitations can be directly seen with inelastic neu-
tron scattering, but it is to date not fully understood how exactly they are connected to
superconductivity in these materials. This is a field of strong current interest in condensed
matter physics.
While the majority of experiments conducted at CNCS are hard condensed matter studies,
quasielastic scattering studies in soft matter materials make up a non-negligible part of the
science program at CNCS. In the area of polymer and protein dynamics, various studies
focused on the role of hydration water, [72, 73] the nature of the collective vibrations (“boson
peak”), [74, 75] and the role of the secondary structure for the rigidity and functionality of
these molecules [76–78]. These experiments are generally not intensity limited, unless the
samples are fully deuterated. A full spectrum may be collected at CNCS in less than an hour
on a 100 mg sample. An upgrade offering polarized beam would therefore be particularly
beneficial for this science, as it would enable one to disentangle coherent (collective, many-
particle) and incoherent (single-particle) dynamical modes in soft (hydrogenous) materials,
which may overlap in the time domain. [79, 80] This would make it possible to rigorously
test model assumptions that one currently has to make in order to separate the different
processes in measurements with unpolarized neutron beams.
It is known that the dynamical behavior of atoms and molecules in confined geometry
can be substantially different from the bulk. [81] Rather than near correlation shells of its
own species, an individual molecule will see a material-dependent wall potential. For ex-
ample, the dynamics of H2O confined in ∼ 5 A˚ diameter channels of beryl single crystal
have been studied by using QENS and inelastic neutron scattering (INS) at CNCS and
SEQUOIA. [82, 83] The QENS study with energy resolution 0.25 meV with the scattering
momentum transfer along the channels showed gradual freezing of water molecule dynamics
at temperatures below ∼ 200 K, whereas the dynamical features was generally much weaker
with the momentum transfer perpendicular to the channels. At higher temperatures the
data were described as two-fold rotational jumps about the axis coinciding with the direc-
tion of the dipole moment (perpendicular to the channels), with a residence time of 5.5 ps at
225 K. The INS spectra of water in beryl measured at CNCS and SEQUOIA in the direction
perpendicular to the channels revealed a number of peaks which were uniquely assigned to
water quantum tunneling. In addition, the water proton momentum distribution measured
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with deep inelastic neutron scattering (VESUVIO, ISIS [84]) directly showed coherent delo-
calization of the water protons in the ground state. The observation of multiple tunneling
peaks and a coherent delocalization of protons over all possible positions across the beryl
channel allowed the view of the tunneling water as “a new state of the water molecule”. [83]
IV. CONCLUSION
CNCS offers excellent beam intensity and resolution for inelastic and quasi-elastic neutron
scattering experiments in the cold and thermal neutron energy ranges. The instrument
performance allows to push the feasibility limits for successful user experiments towards
smaller samples (∼ 100 mg of non-hydrogenous material) and high pressure (in combination
with strong magnetic field and/or very low temperature, if desired). The instrument has
now a solid track record of answering questions at the forefront of many areas in condensed
matter physics, such as quantum magnets, unconventional superconductors, geometrically
frustrated magnets, thermoelectric materials, polymer and protein dynamics, and matter in
confined geometry.
V. ACKNOWLEDGEMENTS
Research at ORNL’s Spallation Neutron Source is sponsored by the Scientific User Fa-
cilities Division, Office of Basic Energy Sciences, U.S. Department of Energy. The authors
would like to thank E. Iverson for help with the beam image, and the technical staff at SNS,
S. Elorfi, C. Fletcher, C. Redmon, for their support with sample environment equipment
operation. Special thanks are due to H. Ambaye, E. Brophy, J. Carruth, M. Everett, L.
Jones, J. Niedziela, and A. Parizzi for their help with instrument operation.
VI. REFERENCES
[1] G. Ehlers, A. A. Podlesnyak, J. L. Niedziela, E. B. Iverson, and P. E. Sokol. The new cold
neutron chopper spectrometer at the Spallation Neutron Source: Design and performance.
13
Rev. Sci. Instrum., 82(8):085108, 2011.
[2] M. B. Stone, J. L. Niedziela, D. L. Abernathy, L. DeBeer-Schmitt, G. Ehlers, O. Garlea, G. E.
Granroth, M. Graves-Brook, A. I. Kolesnikov, A. Podlesnyak, and B. Winn. A comparison of
four direct geometry time-of-flight spectrometers at the Spallation Neutron Source. Rev. Sci.
Instrum., 85(4):045113, 2014.
[3] E. B. Iverson, P. D. Ferguson, F. X. Gallmeier, and B. D. Murphy. The Spallation Neutron
Source High Power Target Station Moderator Performance: Calculations and Studies. J.
Neutron Res., 11(1-2):83–91, 2003.
[4] R. T. Azuah, L. R. Kneller, Y. Qiu, P. L. W. Tregenna-Piggott, C. M. Brown, J. R. D. Copley,
and R. M. Dimeo. Dave: A Comprehensive Software Suite for the Reduction, Visualization,
and Analysis of Low Energy Neutron Spectroscopic Data. J. Res. Natl. Inst. Stand. Technol.,
114:341–358, 2009.
[5] O. Arnold, J. C. Bilheux, J. M. Borreguero, A. Buts, S. I. Campbell, L. Chapon, M. Doucet,
N. Draper, R. Ferraz Leal, M. A. Gigg, V. E. Lynch, A. Markvardsen, D. J. Mikkelson,
R. L. Mikkelson, R. Miller, K. Palmen, P. Parker, G. Passos, T. G. Perring, P. F. Peterson,
S. Ren, M. A. Reuter, A. T. Savici, J. W. Taylor, R. J. Taylor, R. Tolchenov, W. Zhou, and
J. Zikovsky. Mantid – Data analysis and visualization package for neutron scattering and µSR
experiments. Nucl. Instrum. Methods Phys. Res. A, 764:156–166, 2014.
[6] R. A. Ewings, A. Buts, M. D. Le, J. van Duijn, I. Bustinduy, and T. G. Perring. HORACE:
software for the analysis of data from single crystal spectroscopy experiments at time-of-flight
neutron instruments. http://arxiv.org/abs/1604.05895, 2016.
[7] R. E. Lechner. Optimization of a Multi-Disk Chopper Spectrometer for Cold Neutron Scat-
tering Experiments. Proceedings of the 11th Meeting of the International Collaboration on
Advanced Neutron Sources (ICANS-XI), 2:717–732, 1991.
[8] R. J. Birgenau, R. Ramesh, and S. E. Nagler. Quantum Condensed Matter Workshop Report.
https://neutrons.ornl.gov/sites/default/files/Berkeley workshop report 2014 rev 10.pdf, 2014.
[9] J. R. Stewart, K. H. Andersen, E. Babcock, C. D. Frost, A. Hiess, D. Jullien, J. A. Stride,
J.-F. Barthe´le´my, F. Marchal, A. P. Murani, H. Mutka, and H. Schober. PASTIS: An insert
for polarization analysis studies on a thermal inelastic spectrometer. Phys. B.: Condens.
Matter, 385–386, Part 2:1142–1145, 2006. Proceedings of the Eighth International Conference
on Neutron Scattering.
14
[10] C. J. Beecham, S. Boag, C. D. Frost, T. J. McKetterick, J. R. Stewart, K. H. Andersen,
P. M. Bentley, and D. Jullien. 3He polarization for ISIS TS2 phase I instruments. Phys. B.:
Condens. Matter, 406(12):2429–2432, 2011. Proceedings of the 8th International Workshop
on Polarised Neutrons for Condensed Matter Investigation.
[11] T. Yokoo, K. Ohoyama, S. Itoh, J. Suzuki, M. Nanbu, N. Kaneko, K. Iwasa, T. J. Sato,
H. Kimura, and M. Ohkawara. Construction of Polarized Inelastic Neutron Spectrometer in
J-PARC. J. Phys.: Conf. Ser., 502(1):012046, 2014.
[12] B. Winn, U. Filges, V. O. Garlea, M. Graves-Brook, M. Hagen, C. Jiang, M. Kenzelmann,
L. Passell, S. M. Shapiro, X. Tong, and I. Zaliznyak. Recent progress on HYSPEC, and its
polarization analysis capabilities. EPJ Web Conf., 83:03017, 2015.
[13] K. C. Rule, G. Ehlers, J. R. Stewart, A. L. Cornelius, P. P. Deen, Y. Qiu, C. R. Wiebe, J. A.
Janik, H. D. Zhou, D. Antonio, B. W. Woytko, J. P. Ruff, H. A. Dabkowska, B. D. Gaulin,
and J. S. Gardner. Polarized inelastic neutron scattering of the partially ordered Tb2Sn2O7.
Phys. Rev. B, 76:212405, 2007.
[14] G. Ehlers, J. R. Stewart, A. R. Wildes, P. P. Deen, and K. H. Andersen. Generalization of
the classical xyz-polarization analysis technique to out-of-plane and inelastic scattering. Rev.
Sci. Instrum., 84(9):093901, 2013.
[15] L. D. Jennings and C. A. Swenson. Effects of Pressure on the Superconducting Transition
Temperatures of Sn, In, Ta, Tl, and Hg. Phys. Rev., 112:31–43, 1958.
[16] L. Gao, Y. Y. Xue, F. Chen, Q. Xiong, R. L. Meng, D. Ramirez, C. W. Chu, J. H. Eggert,
and H. K. Mao. Superconductivity up to 164 K in HgBa2Cam−1CumO2m+2+δ (m =1, 2, and
3) under quasihydrostatic pressures. Phys. Rev. B, 50:4260–4263, 1994.
[17] X.-J. Chen, V. V. Struzhkin, Y. Yu, A. F. Goncharov, C.-T. Lin, Ho-kwang Mao, and R. J.
Hemley. Enhancement of superconductivity by pressure-driven competition in electronic order.
Nature, 466(7309):950–953, 2010.
[18] A. P. Drozdov, M. I. Eremets, I. A. Troyan, V. Ksenofontov, and S. I. Shylin. Conven-
tional superconductivity at 203 kelvin at high pressures in the sulfur hydride system. Nature,
525(7567):73–76, 2015.
[19] Y. Ma, M. Eremets, A. R. Oganov, Y. Xie, I. Trojan, S. Medvedev, A. O. Lyakhov, M. Valle,
and V. Prakapenka. Transparent dense sodium. Nature, 458(7235):182–185, 2009.
15
[20] I. I. Naumov and R. J. Hemley. Origin of Transitions between Metallic and Insulating States
in Simple Metals. Phys. Rev. Lett., 114:156403, 2015.
[21] A. O. Shorikov, A. V. Lukoyanov, V. I. Anisimov, and S. Y. Savrasov. Pressure-driven metal-
insulator transition in BiFeO3 from dynamical mean-field theory. Phys. Rev. B, 92:035125,
2015.
[22] J. Neuefeind, M. Feygenson, J. Carruth, R. Hoffmann, and K. K. Chipley. The Nanoscale
Ordered MAterials Diffractometer NOMAD at the Spallation Neutron Source SNS. Nuclear
Instruments and Methods in Physics Research Section B: Beam Interactions with Materials
and Atoms, 287:68–75, 2012.
[23] R. Boehler, M. Guthrie, J. J. Molaison, A. M. dos Santos, S. Sinogeikin, S. Machida, N. Prad-
han, and C. A. Tulk. Large-volume diamond cells for neutron diffraction above 90 gpa. High
Pressure Research, 33(3):546–554, 2013.
[24] O. Blaschko, G. Ernst, G. Quittner, W. Kress, and R. E. Lechner. Mode Gru¨neisen parameter
dispersion relation of RbI determined by neutron scattering. Phys. Rev. B, 11:3960–3965, 1975.
[25] O. Blaschko, G. Ernst, and G. Quittner. Pressure induced phonon frequency shifts in KBr
measured by inelastic neutron scattering. J. Phys. Chem. Sol., 36(1):41–44, 1975.
[26] J. Eckert, W. B. Daniels, and J. D. Axe. Phonon dispersion and mode Gru¨neisen parameters
in neon at high density. Phys. Rev. B, 14:3649–3663, 1976.
[27] J. W. Schmidt, M. Nielsen, and W. B. Daniels. Coherent inelastic neutron scattering study
of solid orthodeuterium at high pressure. Phys. Rev. B, 30:6308–6319, 1984.
[28] Th. Stra¨ssle, A. M. Saitta, S. Klotz, and M. Braden. Phonon Dispersion of Ice under Pressure.
Phys. Rev. Lett., 93:225901, 2004.
[29] H. A. Mook, D. B. McWhan, and F. Holtzberg. Lattice dynamics of mixed-valent SmS. Phys.
Rev. B, 25:4321–4323, 1982.
[30] Y. Yamada, Y. Fujii, Y. Akahama, S. Endo, S. Narita, J. D. Axe, and D. B. McWhan.
Lattice-dynamical properties of black phosphorus under pressure studied by inelastic neutron
scattering. Phys. Rev. B, 30:2410–2413, 1984.
[31] A. S. Ivanov, I. N. Goncharenko, V. A. Somenkov, and M. Braden. Changes of phonon
dispersion in graphite at high pressure. High Press. Res., 14(1-3):145–154, 1995.
[32] S. Kawano, J. A. FernandezBaca, and R. M. Nicklow. Magnons in ferromagnetic terbium
under high pressure. J. Appl. Phys., 75(10):6060–6062, 1994.
16
[33] S. Klotz and M. Braden. Phonon Dispersion of bcc Iron to 10 GPa. Phys. Rev. Lett., 85:3209–
3212, 2000.
[34] C. Vettier and W. B. Yelon. Magnetic properties of FeCl2 at high pressure. Phys. Rev. B,
11:4700–4710, 1975.
[35] C. Vettier, D. B. McWhan, E. I. Blount, and G. Shirane. Pressure Dependence of Magnetic
Excitations in PrSb. Phys. Rev. Lett., 39:1028–1031, 1977.
[36] J. Mesot, P. Allenspach, U. Staub, A. Furrer, H. Blank, H. Mutka, C. Vettier, E. Kaldis,
J. Karpinski, and S. Rusiecki. Pressure-induced structural and electronic properties of high-Tc
superconducting materials studied by neutron scattering. J. Less Common Metals, 164:59–69,
1990.
[37] Th. Stra¨ssle, M. Divis, J. Rusz, S. Janssen, F. Juranyi, R. Sadykov, and A. Furrer. Crystal-
field excitations in PrAl3 and NdAl3 at ambient and elevated pressure. J. Phys.: Condens.
Matter, 15(19):3257, 2003.
[38] Z. Wang, K.-H. Liu, P. Le, M. Li, W.-S. Chiang, J. B. Leao, J. R. D. Copley, M. Tyagi,
A. Podlesnyak, A. I. Kolesnikov, C.-Y. Mou, and S.-H. Chen. Boson Peak in Deeply Cooled
Confined Water: A Possible Way to Explore the Existence of the Liquid-to-Liquid Transition
in Water. Phys. Rev. Lett., 112(23):237802, 2014.
[39] Z. Wang, A. I. Kolesnikov, K. Ito, A. Podlesnyak, and S.-H. Chen. Pressure Effect on the
Boson Peak in Deeply Cooled Confined Water: Evidence of a Liquid-Liquid Transition. Phys.
Rev. Lett., 115(23):235701, 2015.
[40] C. J. Ridley and K. V. Kamenev. High pressure neutron and X-ray diffraction at low temper-
atures. Z. Krist. - Cryst. Mat., 229(3):171–199, 2014.
[41] M. Guthrie. Future directions in high-pressure neutron diffraction. J. Phys.: Condens. Matter,
27(15):153201, 2015.
[42] G. Perren, J. S. Mo¨ller, D. Hu¨vonen, A. A. Podlesnyak, and A. Zheludev. Spin dynam-
ics in pressure-induced magnetically ordered phases in (C4H12N2)Cu2Cl6. Phys. Rev. B,
92(5):024414, 2015.
[43] R. J. Hill, G. V. Gibbs, J. R. Craig, F. K. Ross, and J. M. Williams. A neutron-diffraction
study of hemimorphite. Z. Krist., 146:241, 1977.
[44] Y. V. Seryotkin and V. V. Bakakin. Structural evolution of hemimorphite at high pressure
up to 4.2 GPa. Phys. Chem. Min., 38(9):679–684, 2011.
17
[45] O. Delaire, J. Ma, K. Marty, A. F. May, M. A. McGuire, M. H. Du, D. J. Singh, A. Podlesnyak,
G. Ehlers, M. D. Lumsden, and B. C. Sales. Giant anharmonic phonon scattering in PbTe.
Nat. Mater., 10(8):614–619, 2011.
[46] C. W. Li, J. Ma, H. B. Cao, A. F. May, D. L. Abernathy, G. Ehlers, C. Hoffmann, X. Wang,
T. Hong, A. Huq, O. Gourdon, and O. Delaire. Anharmonicity and atomic distribution of
SnTe and PbTe thermoelectrics. Phys. Rev. B, 90(21):214303, 2014.
[47] J. Ma, O. Delaire, A. F. May, C. E. Carlton, M. A. McGuire, L. H. VanBebber, D. L.
Abernathy, G. Ehlers, T. Hong, A. Huq, W. Tian, V. M. Keppens, Y. Shao-Horn, and B. C.
Sales. Glass-like phonon scattering from a spontaneous nanostructure in AgSbTe2. Nat. Nano.,
8(6):445–451, 2013.
[48] J. Ma, O. Delaire, E. D. Specht, A. F. May, O. Gourdon, J. D. Budai, M. A. McGuire,
T. Hong, D. L. Abernathy, G. Ehlers, and E. Karapetrova. Phonon scattering rates and atomic
ordering in Ag1−xSb1+xTe2+x (x=0, 0.1, 0.2) investigated with inelastic neutron scattering and
synchrotron diffraction. Phys. Rev. B, 90(13):134303, 2014.
[49] C. W. Li, O. Hellman, J. Ma, A. F. May, H. B. Cao, X. Chen, A. D. Christianson, G. Ehlers,
D. J. Singh, B. C. Sales, and O. Delaire. Phonon Self-Energy and Origin of Anomalous Neutron
Scattering Spectra in SnTe and PbTe Thermoelectrics. Phys. Rev. Lett., 112(17):175501, 2014.
[50] C. W. Li, J. Hong, A. F. May, D. Bansal, S. Chi, T. Hong, G. Ehlers, and O. Delaire. Orbitally
driven giant phonon anharmonicity in SnSe. Nat. Phys., 11(12):1063–1070, 2015.
[51] C. H. Wang, M. D. Lumsden, R. S. Fishman, G. Ehlers, T. Hong, W. Tian, H. Cao,
A. Podlesnyak, C. Dunmars, J. A. Schlueter, J. L. Manson, and A. D. Christianson. Mag-
netic properties of the S=1/2 quasisquare lattice antiferromagnet CuF2(H2O)2(pyz) (pyz =
pyrazine) investigated by neutron scattering. Phys. Rev. B, 86(6):064439, 2012.
[52] D. Schmidiger, S. Mu¨hlbauer, A. Zheludev, P. Bouillot, T. Giamarchi, C. Kollath, G. Ehlers,
and A. M. Tsvelik. Symmetric and asymmetric excitations of a strong-leg quantum spin
ladder. Phys. Rev. B, 88(9):094411, 2013.
[53] K. Matan, Y. Nambu, Y. Zhao, T. J. Sato, Y. Fukumoto, T. Ono, H. Tanaka, C. Broholm,
A. Podlesnyak, and G. Ehlers. Ghost modes and continuum scattering in the dimerized
distorted kagome lattice antiferromagnet Rb2Cu3SnF12. Phys. Rev. B, 89(2):024414, 2014.
[54] L. S. Wu, W. J. Gannon, I. A. Zaliznyak, A. M. Tsvelik, M. Brockmann, J.-S. Caux, M. S.
Kim, Y. Qiu, J. R. D. Copley, G. Ehlers, A. Podlesnyak, and M. C. Aronson. Orbital-
18
exchange and fractional quantum number excitations in an f-electron metal, Yb2Pt2Pb. Sci-
ence, 352(6290):1206–1210, 2016.
[55] L. Clark, G. J. Nilsen, E. Kermarrec, G. Ehlers, K. S. Knight, A. Harrison, J. P. Attfield,
and B. D. Gaulin. From Spin Glass to Quantum Spin Liquid Ground States in Molybdate
Pyrochlores. Phys. Rev. Lett., 113(11):117201, 2014.
[56] D. E. MacLaughlin, O. O. Bernal, L. Shu, J. Ishikawa, Y. Matsumoto, J. J. Wen, M. Mourigal,
C. Stock, G. Ehlers, C. L. Broholm, Y. Machida, K. Kimura, S. Nakatsuji, Y. Shimura, and
T. Sakakibara. Unstable spin-ice order in the stuffed metallic pyrochlore Pr2+xIr2−xO7−δ.
Phys. Rev. B, 92(5):054432, 2015.
[57] J. Ma, Y. Kamiya, T. Hong, H. B. Cao, G. Ehlers, W. Tian, C. D. Batista, Z. L. Dun,
H. D. Zhou, and M. Matsuda. Static and Dynamical Properties of the Spin-1/2 Equilateral
Triangular-Lattice Antiferromagnet Ba3CoSb2O9. Phys. Rev. Lett., 116(8), 2016.
[58] Feng Ye, Randy S. Fishman, Jaime A. Fernandez-Baca, Andrey A. Podlesnyak, Georg Ehlers,
Herbert A. Mook, Yaqi Wang, Bernd Lorenz, and C. W. Chu. Long-range magnetic interac-
tions in the multiferroic antiferromagnet MnWO4. Phys. Rev. B, 83(14):140401, 2011.
[59] M. Frontzek, J. T. Haraldsen, A. Podlesnyak, M. Matsuda, A. D. Christianson, R. S. Fishman,
A. S. Sefat, Y. Qiu, J. R. D. Copley, S. Barilo, S. V. Shiryaev, and G. Ehlers. Magnetic
excitations in the geometric frustrated multiferroic CuCrO2. Phys. Rev. B, 84(9):094448,
2011.
[60] G. Ehlers, A. A. Podlesnyak, S. E. Hahn, R. S. Fishman, O. Zaharko, M. Frontzek, M. Kenzel-
mann, A. V. Pushkarev, S. V. Shiryaev, and S. Barilo. Incommensurability and spin dynamics
in the low-temperature phases of Ni3V2O8. Phys. Rev. B, 87(21):214418, 2013.
[61] K. Fritsch, G. Ehlers, K. C. Rule, K. Habicht, M. Ramazanoglu, H. A. Dabkowska, and B. D.
Gaulin. Quantum phase transitions and decoupling of magnetic sublattices in the quasi-two-
dimensional ising magnet Co3V2O8 in a transverse magnetic field. Phys. Rev. B, 92(18):180404,
2015.
[62] F. J. Brown. Aspects of superconducting magnet design for neutron scattering sample envi-
ronments. J. Phys.: Conf. Ser., 251(1):012093, 2010.
[63] H. Nojiri, S. Yoshii, M. Yasui, K. Okada, M. Matsuda, J. S. Jung, T. Kimura, L. Santodonato,
G. E. Granroth, K. A. Ross, J. P. Carlo, and B. D. Gaulin. Neutron Laue Diffraction Study
on the Magnetic Phase Diagram of Multiferroic MnWO4 under Pulsed High Magnetic Fields.
19
Phys. Rev. Lett., 106:237202, 2011.
[64] Clarina de la Cruz, Q. Huang, J. W. Lynn, Jiying Li, W. Ratcliff II, J. L. Zarestky, H. A.
Mook, G. F. Chen, J. L. Luo, N. L. Wang, and Pengcheng Dai. Magnetic order close to
superconductivity in the iron-based layered LaO1−xFxFeAs systems. Nature, 453(7197):899–
902, 2008.
[65] A. D. Christianson, E. A. Goremychkin, R. Osborn, S. Rosenkranz, M. D. Lumsden, C. D.
Malliakas, I. S. Todorov, H. Claus, D. Y. Chung, M. G. Kanatzidis, R. I. Bewley, and T. Guidi.
Unconventional superconductivity in Ba0.6K0.4Fe2As2 from inelastic neutron scattering. Na-
ture, 456(7224):930–932, 2008.
[66] M. D. Lumsden and A. D. Christianson. Magnetism in Fe-based superconductors. J. Phys.:
Condens. Matter, 22(20):203203, 2010.
[67] Y. Mizuguchi, H. Fujihisa, Y. Gotoh, K. Suzuki, H. Usui, K. Kuroki, S. Demura, Y. Takano,
H. Izawa, and O. Miura. BiS2-based layered superconductor Bi4O4S3. Phys. Rev. B, 86:220510,
2012.
[68] M. G. Kim, G. S. Tucker, D. K. Pratt, S. Ran, A. Thaler, A. D. Christianson, K. Marty,
S. Calder, A. Podlesnyak, S. L. Bud’ko, P. C. Canfield, A. Kreyssig, A. I. Goldman, and R. J.
McQueeney. Magnonlike dispersion of spin resonance in Ni-doped BaFe2As2. Phys. Rev. Lett.,
110(17):177002, 2013.
[69] J. Lee, M. B. Stone, A. Huq, T. Yildirim, G. Ehlers, Y. Mizuguchi, O. Miura, Y. Takano,
K. Deguchi, S. Demura, and S. H. Lee. Crystal structure, lattice vibrations, and supercon-
ductivity of LaO1−xFxBiS2. Phys. Rev. B, 87(20):205134, 2013.
[70] J. Lee, S. Demura, M. B. Stone, K. Iida, G. Ehlers, C. R. dela Cruz, M. Matsuda, K. Deguchi,
Y. Takano, Y. Mizuguchi, O. Miura, D. Louca, and S. H. Lee. Coexistence of ferromagnetism
and superconductivity in CeO0.3F0.7BiS2. Phys. Rev. B, 90(22):224410, 2014.
[71] Yu Li, Z. Yin, X. Wang, D. W. Tam, D. L. Abernathy, A. Podlesnyak, C. Zhang, M. Wang,
L. Xing, C. Jin, K. Haule, G. Kotliar, T. A. Maier, and P. Dai. Orbital Selective Spin Excita-
tions and their impact on Superconductivity of LiFe1−xCoxAs. Phys. Rev. Lett., 116:247001,
2016.
[72] J. D. Nickels, H. O’Neill, L. Hong, M. Tyagi, G. Ehlers, K. L. Weiss, Q. Zhang, Zh. Yi,
E. Mamontov, J. C. Smith, and A. P. Sokolov. Dynamics of Protein and its Hydration Water:
Neutron Scattering Studies on Fully Deuterated GFP. Biophys. J., 103(7):1566–1575, 2012.
20
[73] J. D. Nickels, J. Atkinson, E. Papp-Szabo, C. Stanley, S. O. Diallo, S. Perticaroli, B. Baylis,
P. Mahon, G. Ehlers, J. Katsaras, and J. R. Dutcher. Structure and Hydration of Highly-
Branched, Monodisperse Phytoglycogen Nanoparticles. Biomacromolecules, 17(3):735–743,
2016.
[74] J. D. Nickels, S. Perticaroli, H. O’Neill, Q. Zhang, G. Ehlers, and A. P. Sokolov. Coherent
Neutron Scattering and Collective Dynamics in the Protein, GFP. Biophys. J., 105(9):2182–
2187, 2013.
[75] S. Perticaroli, J. D. Nickels, G. Ehlers, and A. P. Sokolov. Rigidity, Secondary Structure, and
the Universality of the Boson Peak in Proteins. Biophys. J., 106(12):2667–2674, 2014.
[76] S. Perticaroli, J. D. Nickels, G. Ehlers, H. O’Neill, Q. Zhang, and A. P. Sokolov. Secondary
structure and rigidity in model proteins. Soft Matter, 9(40):9548–9556, 2013.
[77] S. Perticaroli, J. D. Nickels, G. Ehlers, E. Mamontov, and A. P. Sokolov. Dynamics and
Rigidity in an Intrinsically Disordered Protein, beta-Casein. J. Phys. Chem. B, 118(26):7317–
7326, 2014.
[78] J. D. Nickels, S. Perticaroli, G. Ehlers, M. Feygenson, and A. P. Sokolov. Rigidity of poly-
l-glutamic acid scaffolds: Influence of secondary and supramolecular structure. Journal of
Biomedical Materials Research Part A, 103(9):2909–2918, 2015.
[79] B. Farago, A. Arbe, J. Colmenero, R. Faust, U. Buchenau, and D. Richter. Intermediate
length scale dynamics of polyisobutylene. Phys. Rev. E, 65:051803, 2002.
[80] T. Burankova, R. Hempelmann, A. Wildes, and J. P. Embs. Collective Ion Diffusion and
Localized Single Particle Dynamics in Pyridinium-Based Ionic Liquids. J. Phys. Chem. B,
118(49):14452–14460, 2014.
[81] R. Bergman and J. Swenson. Dynamics of supercooled water in confined geometry. Nature,
403(6767):283–286, 2000.
[82] A. I. Kolesnikov, L. M. Anovitz, E. Mamontov, A. Podlesnyak, and G. Ehlers. Strong
Anisotropic Dynamics of Ultra-Confined Water. J. Phys. Chem. B, 118(47):13414–13419,
2014.
[83] A. I. Kolesnikov, G. F. Reiter, N. Choudhury, T. R. Prisk, E. Mamontov, A. Podlesnyak,
G. Ehlers, A. G. Seel, D. J. Wesolowski, and L. M. Anovitz. Quantum Tunneling of Water in
Beryl: A New State of the Water Molecule. Phys. Rev. Lett., 116:167802, 2016.
21
[84] C. Andreani, D. Colognesi, J. Mayers, G. F. Reiter, and R. Senesi. Measurement of momentum
distribution of light atoms and molecules in condensed matter systems using inelastic neutron
scattering. Adv. Phys., 54(5):377–469, 2005.
22
FIG. 1. Schematic layout of CNCS, viewed from the side (top part of figure) and from the top (bot-
tom part of figure). The location of various key components is indicated relative to the moderator
surface. The drawing is not to scale.
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FIG. 2. A high resolution photograph of the beam at the sample position, taken with the new
focussing guide end piece. Comparing with the beam from the traditional, not focussing guide end
section (see Fig. 2 in Ref. [1]), this beam is considerably more compressed in the vertical direction.
The fiducial was placed for reference only. This picture was taken with 1 meV neutrons.
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FIG. 3. A current measurement (with the new Fermi chopper rotor) of the energy resolution at the
elastic line, using a vanadium reference sample. Three representative settings have been chosen
which cover most of the available range of resolution settings. A 2.5% resolution is indicated by the
dashed line. Going from HF (‘high flux’) to AI (‘intermediate’) mode, the intensity loss is about
a factor of ∼ 3. Going from AI to HR (‘high resolution’), the loss factor is ∼ 4. These modes pair
different slits in the double disk chopper.
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FIG. 4. The 3-sample changer stick photographed from below. The white triangular piece is made
from absorbing boron nitride. The powder cans are 5/8” in diameter, a standard size at CNCS
that matches the beam width. These cans are typically used with annular inserts.
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FIG. 5. The clamp pressure cell in use at CNCS. Upper part: Characterization of the thermal
contact between sample and cold finger (left), and neutron transmission measured at CNCS (right).
Lower part: Photograph of the cell and inner components. The crystal sample is about 4 mm in
diameter and 15 mm long. This cell fits a standard dilution refrigeration insert which can be placed
in the bore of a cryomagnet.
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FIG. 6. Inelastic neutron scattering spectra of water in hemimorphite measured at CNCS at
different temperatures and pressures. Strong QENS broadening is visible for hemimorphite at
130 K and ambient pressure due to the fast rotational diffusion of water molecules, while the data
for p = 3 GPa almost coincide for T = 2 K and T = 130 K, showing the absence of QENS
broadening through the entire temperature range.
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